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Introduction
Recurrent laryngeal neuropathy (RLN) is a chronic peripheral motor neuropathy which results in atrophy of the intrinsic laryngeal musclesthe main laryngeal adductor, the cricoarytenoid lateralis (CAL) muscle and the main arytenoid abductor, the cricoarytenoid dorsalis (CAD) [1] [2] [3] . Atrophy of the left CAD muscle results in loss of arytenoid cartilage abduction during inspiration. This loss of abduction is associated with dynamic airway collapse at exercise leading to alveolar hypoventilation with hypoxaemia [3] [4] [5] [6] . Traditionally the diagnosis of RLN has been made using videoendoscopy to determine the degree of arytenoid abduction [7] [8] [9] . Transcutaneous ultrasound has been used to evaluate laryngeal structure and vocal fold movement of the equine larynx [10, 11] and has been correlated with laryngeal function and glottic opening in both diseased and normal horses [11] . Ultrasound allows assessment of laryngeal structure, vocal fold movement and the relationship between vocal fold and arytenoid structures [12, 13] . In man, transcutaneous approaches have been used as diagnostic tools for paediatric patients with vocal fold paralysis [12] and for evaluation of vocal fold movement in adult patients with thyroid disease [13] .
One limitation of transcutaneous techniques in both horses and human patients is that direct assessment of the CAD muscle is very limited due to its location dorsal to the larynx [10] . This location also makes assessment by electromyography difficult [14] [15] [16] . The ability to assess the CAD is important, as reinnervation or other techniques to restore glottic opening rely on preventing further muscle atrophy, restoring muscle mass or improving contractile force.
In this study, we describe 2 imaging techniques for determining the geometry of the CAD muscle and characterise the relationship between CAD geometry and laryngeal function.
Materials and methods

Computed tomography and transoesophageal ultrasound
Left and right CAD muscles were imaged in 10 mature Thoroughbred horses (age 2-6 years, 7 females, 3 castrated males). Horses were selected based on normal physical examination, a normal video endoscopic examination of their upper airway and a complete blood count.
Computed tomography
Each horse was placed in dorsal recumbency under general anaesthesia (premedication with xylazine hydrochloride [1.1 mg/kg bwt i.v.], followed by induction with diazepam [0.5 mg/kg bwt] and ketamine hydrochloride [2 mg/kg bwt i.v.]). Anaesthesia was maintained with an isofluorane and oxygen mixture via an endotracheal tube.
Computed tomography (CT) with multiplanar reconstruction was used to determine volume and midbody dorsal-ventral thickness and crosssectional area of the left and right CAD muscles. A 16-slice CT scanner (Aquilion LB16 a ), was used with slice thickness set to 1 mm (acquisition 0.5 mm 916, 240 mm field of view, 120 kV, rotation time 0.5 s, focal spot 0.9/0.9, WW 400, WL 40) to delineate the boundaries of the CAD muscles from the cricoid cartilage most effectively. The raw DICOM sets were imported into CT reconstructive software (Mimics b ) using lossless compression and appropriate anatomical alignment. A semiautomated segmentation tool, 3D LiveWire b , was used to outline the muscle of interest [17] (Fig 1) . Both the engineering analyst and veterinary surgeon assessed tissue segmentation to ensure appropriate anatomical separation with the surrounding muscle bodies. The identity of each horse was concealed from the investigators. In-plane segmentation was repeated along the entire length of each cricoarytenoid dorsalis (CAD) muscle, and the tool was used to segment each portion, creating a new mask that highlighted the area within the contours on every slice. Midbody was defined as the mean cross-sectional area of the mid 10% of the CAD muscle along its rostral caudal length. This region was identified by reslicing along a plane perpendicular to the long axis of each muscle (Mimics b ).
Transoesophageal laryngeal ultrasound
Following recovery from general anaesthesia, each horse was also sedated (detomidine hydrochloride 0.01 mg/kg bwt i.v.) in standing stocks and a videoendoscope (Olympus GIF-140 c ) was placed into the right nostril to confirm correct placement of a paediatric transoesophageal echocardiography probe (9T, paediatric TEE probe, external diameter 7.5 mm, 3.3-10.0 MHz, Vivid 7). The TEE probe was placed transnasally via the left nostril across the nasopharynx into the oesophagus. The probe was then advanced to image the left CAD muscle ventrally through the oesophageal wall (Fig 2) . A full inspection of the muscle was performed and the dorsal-ventral thickness of the midbody of the CAD muscle measured. Midbody was determined as 60 mm caudal to the palatopharyngeal arch. Examination of the gross morphology of 8 cadaver specimens demonstrated that 60 mm caudal to the palatopharyngeal arch in a Thoroughbred or Standardbred horse corresponds to the midbody of the CAD muscle. External markings on the TEE probe were visualised endoscopically and used to determine the rostral-caudal positioning of the probe. This measurement was repeated just caudal to the sagittal ridge of the cricoid to image the caudal portion of the CAD. The right CAD muscle was then evaluated by moving the TEE probe tip within the oesophagus dorsal to the right CAD muscle.
Determination of ex vivo muscle weight and volume
Following euthanasia, the larynx of each horse was removed from the 6th to 8th tracheal ring to the epiglottis and the right and left CAD muscles excised. Each muscle sample was weighed, and the muscle volume was determined using a simple water displacement method with a 150 ml graduated cylinder and a balance.
Relationship between laryngeal geometry and laryngeal function
There were 112 horses with a spectrum of laryngeal function (mean AE s.e.m. age 4.05 AE 0.24 years [range 1-11 years]; 32 males, 38 castrated males, 42 females; body weight 458 AE 32 kg; 57 Standardbreds and 55 Thoroughbreds) evaluated using transoesophageal ultrasound (TEU). The examination was performed as earlier under light sedation. The grade of laryngeal disease present was concealed from the ultrasonographer.
Resting endoscopic function
The degree of laryngeal function was determined during a separate examination, performed at rest, via transnasal endoscopy through the right nostril (Olympus GIF-140) [18, 19] . Sedation was not used for the endoscopic examination as it can reduce the degree of arytenoid cartilage abduction observed [18, 20] .
Resting endoscopic grade was allocated on a 4-point scale based upon the degree and synchrony of arytenoid abduction [18, 19] . Horses were drawn from a convenience sample of clinical cases presenting for evaluation of poor performance. Laryngeal function during exercise was classified as A (full abduction), B (partial abduction) or C (dynamic collapse) [7] during high speed treadmill exercise [21] . Resting and exercising grades were determined by one of two trained observers.
Data analysis
Ex vivo weight and displaced volume, CT muscle volume, CT midbody cross-sectional area, CT midbody dorsal-ventral thickness, and TEU midbody dorsal-ventral thickness were calculated for left and right CAD muscles in all horses. Continuous data were tested for normality by visual assessment of the data,plots and Shapiro-Wilks tests. Paired t tests were used to determine any significant differences between left and right sides in these normal horses. Covariate relationships between CT and TEU parameters and CAD weight and volume were determined using simple univariate linear regression for each pair of variables. CAD weight was used as the primary reference.
To control for potential variations in age and size between horses, differences in CAD muscle thickness across laryngeal grades were expressed as a left:right (L:R) ratio. The relationship between L:R ratios and both laryngeal grade at rest (I, II, III) and at exercise (A, B, C) were determined separately for the midbody and caudal sections of the CAD muscle using ANOVA with Tukey's post hoc test. Receiver operating characteristic (ROC) analysis was used to determine cut points, sensitivity, specificity, positive and negative predictive value (PPV, NPV) for L:R ratio at the midbody and caudal portions of the CAD muscle. For the purposes of these analyses exercising Grades B and C were categorised as abnormal and Grade A as normal.
All analyses were performed using JMP (JMP Pro v10 d ). Significance was set at P<0.05 throughout. All confidence intervals (CI) are 95% CI.
Results
Validation
Muscle boundaries were readily identified in all CAD muscles along with the associated reconstruction using Mimics and LiveWire. No differences were determined between left and right CAD parameters in these normal horses (paired t tests, all P>0.3). For every 1 g increase in muscle mass, Relationship between laryngeal geometry and laryngeal function
Transoesophageal ultrasound was well tolerated by all horses under sedation. Time for a complete TEU examination of the CAD was 10-15 min and no discomfort or adverse side effects were observed. The TEU technique allowed clear identification of the sagittal ridge of the cricoid that served as a useful midline landmark separating the left and right CAD muscles. More caudally the sagittal ridge became less prominent and was usually not evident in the caudal 25% of the cricoid (Fig 2) . Contraction of the CAD was readily identified during resting breathing, although the degree of contraction was not quantified in this study. Examinations were made in 112 horses with a spectrum of laryngeal function ranging from normal (Grade I) to paralysis (Grade III; Table 1 ). No Grade IV horses (complete paralysis) were available for inclusion in the study. Exercising grade was successfully determined in 90/112 horses. Twenty horses were excluded from high speed treadmill exercise due to behavioural limitations. Although resting subgrades [19] were recorded, data analyses were performed only for whole grades (I, II, III) [18] due to the small number of horses within some subgrades (Table 2) .
Categorising TEU measures by resting laryngeal grade, the ratio of L:R thickness in the midbody of the CAD muscle was significantly reduced in horses with Grade III laryngeal function (0.79 AE 0.02) compared with Grades I (0.99 AE 0.14) and II (0.96 AE 0.09; P<0.0001, ANOVA, Fig 3) . Similarly the ratio of L:R thickness in the caudal portion of the CAD body was significantly reduced in horses with Grade III laryngeal function Fig 3) . Categorising TEU measurements by exercising laryngeal grade, the ratio of L:R thickness in the midbody of the CAD muscle was significantly reduced in horses with Grade B (partial collapse, 0.81 AE 0.13) or C (0.71 AE 0.14) laryngeal function compared with Grade A (full abduction, 0.98 AE 0.12, P<0.0001, ANOVA, Fig 3) . Similarly, the ratio of L:R thickness in the caudal portion of the CAD muscle was significantly reduced in horses with Grade C laryngeal function (0.70 AE 0. 
Discussion
This study describes both CT and TEU for determining CAD muscle geometry in horses. CT imaging produced high resolution 3D reconstructions of both the CAD muscles and the laryngeal cartilages. We validated 3D reconstruction from CT scan sets to determine laryngeal muscle geometry and demonstrated a strong correlation with ex vivo CAD muscle volume and weight (R 2 = 0.77, 0.76). Determining this relationship is important as there is a close relationship between a muscle's volume and its ability to generate force [22] [23] [24] [25] . This is clinically relevant as the degree of force of the CAD muscle determines the muscle's ability to abduct the arytenoid cartilage and open the rima glottidis. We also found a close relationship between cross-sectional area and muscle volume (R 2 = 0.72) as seen in other muscles [26] .
The TEU technique was well tolerated, requiring only sedation of the standing horse, and no adverse effects were observed. Transnasal oesophagoscopy is well developed as a tool for visualising the proximal oesophageal segment in people [27] [28] [29] with high levels of patient safety, feasibility, low cost and patient tolerance [30] [31] [32] [33] [34] .
Measurements of CAD midbody thickness obtained using TEU was able to detect differences in the ratio of the left CAD to right CAD muscle thickness in horses with a spectrum of naturally occurring disease severity. In this study, significant differences were noted in the ratio of L:R CAD muscle geometry in horses with naturally occurring RLN. In normal horses (resting Grades I and II and exercising Grade A) there was little L:R difference in thickness of the CAD muscles. A reduction in L:R ratio was observed in horses with RLN (Grades III and C). A decrease in L:R ratio was also observed in the midbody portion of the CAD in horses with partial dysfunction at exercise (Grade B). This portion of the CAD is composed primarily of the medial neuromuscular compartment [35] .
Resting laryngeal function does not perfectly predict laryngeal function on exercise and horses evaluated at rest as Grade II and III are the most challenging, with a risk of miscategorisation up to 33% [7] [8] [9] 11] . Transcutaneous evaluation of CAL muscle echogenicity improved the ability to predict abnormal arytenoid movement during exercise but still presents a 7% error in predictive value [11, 14] . In the horse population considered in this study, a L:R thickness ratio less than 0.8 both in midbody and caudal portion was associated with an exercise Grade C, and was significantly different from horses with laryngeal Grade A and B. Longitudinal studies will be required to identify changes over time but this result suggests the possibility of using TEU to identify the cut points of CAD muscle thickness, which are predictive of arytenoid collapse during exercise.
Transoesophageal ultrasound evaluation of the CAD muscle is not limited to size measurement, but also offers the possibility of assessing the echogenicity of the CAD muscle. RLN produces a reduction in muscle fibre diameter, fibre type grouping, muscle fibre loss with fibrosis and replacement with fat [36] . These histological changes alter the acoustic impedance pattern of the muscles, leading to increased echogenicity on ultrasound. These qualitative features were not evaluated in this study but could form the basis for future work. The high sensitivity and specificity of subjective evaluation of increased muscle echogenicity for detecting RLN has already been demonstrated using transcutaneous ultrasound to assess the equine CAL [14] . The high sensitivity and moderate specificity of TEU measurements to predict exercise function (Grade C vs. A or B) suggest that TEU may also be a useful screening tool for evaluation of the upper airway. The TEU imaging technique described in this study allows the subjective evaluation of CAD echogenicity and direct comparison between the left and right sides. The identification of muscle contraction during inspiration and the presence of abnormal muscle activity damage (fasciculation) indicative of denervation are also possible [37] .
This TEU technique can also be used to evaluate horses with sudden onset laryngeal paralysis. Acute muscle denervation is responsible primary for loss of muscle function, followed by structural changes eventually culminating in muscle atrophy [36] . Recurrent laryngeal nerve transection in the horse induces changes in muscle echogenicity in 5-8 weeks, while a 30-40% reduction in CAD muscle size is evident after 12 weeks [38, 39] . Complete paralysis of the left arytenoid associated with no changes in size or echogenicity of the CAD on TEU imaging would be indicative of an acute nerve injury, compatible with iatrogenic trauma; while the presence of muscle atrophy and increased echogenicity would suggest a chronic condition, including RLN. The possibility of differentiating between acute pathology, such as transient nerve inflammation, and chronic pathology, such as RLN, could be clinically useful as spontaneous recovery can occur in horses with acute transient inflammation of the recurrent laryngeal nerve.
There are a number of limitations to this study. Prolonged dorsal recumbency may lead to pharyngeal or laryngeal oedema and dorsal recumbency may compress the CAD muscle which could decrease the imager's ability to accurately delineate the boundaries of the CAD muscle. We mitigated the effect of oedema by using a rapid CT sequence so that horses were in dorsal recumbency for <20 min. With the increasing availability of CT that can be performed in the standing horse any effects of compression may be avoided. A limitation of the TEU technique is the poor correlation with ex vivo muscle mass determined in the first portion of this study. Although midbody CAD thickness determined using TEU was significantly correlated with muscle mass (P = 0.002), the correlation between the 2 variables was only modest for a biological system (R 2 = 0.44). This suggests that, although TEU may be a useful tool to identify differences in CAD geometry at a population level, inferences about CAD thickness in individual animals should be made with caution. Another limitation is that TEU is unable to make an assessment of the cricoarytenoid lateralis, ventricularis or vocalis muscles. These muscles can be assessed using transcutaneous ultrasound [10, 11, 14] . In addition, the repeatability of TEU between observers was not determined in this study.
Transoesophageal ultrasonographic assessment of the CAD through the ventral oesophageal wall or 3D CT reconstruction represent alternative techniques to assess the degree of severity of RLN. Although longitudinal assessment was not performed here, these methods could potentially be used to track the degree of atrophy in the CAD muscle in RLN, stabilisation of muscle volume as reinnervation begins and recovery of volume as reinnervation is completed. Computed tomography reconstruction of the cricoid cartilage may also offer an internal standard volume for longitudinal assessment.
In future work, these techniques could be used in an attempt to detect signs of muscle atrophy before a complete functional deficit is observed endoscopically at rest or exercise. The ability to identify young horses affected by RLN prior to expensive sales preparation would be of considerable value to the equine industry. Determining the repeatability of TEU in detecting small changes in the CAD is a prerequisite for such a study. Early diagnosis of RLN would also allow the use of more physiological surgical techniques, such as reinnervation, to restore muscle function before extensive muscle atrophy and fibrosis have occurred. No longitudinal data were obtained in the current study.
In summary, these data describe 2 novel techniques for assessing laryngeal muscle geometry and demonstrate the relationship between CAD geometry and laryngeal function in horses with naturally occurring RLN. The transoesophageal approach allows the ultrasonographic detection of morphological changes of the dorsal cricoarytenoid muscles.
